METHOD AND PHARMACEUTICAL COMPOSITION FOR 
IRON DELIVERY IN HEMODIALYSIS AND PERITONEAL 
DIALYSIS PATIENTS 

5 

TECHNICAL FIELD 

The present invention relates to dialysis and more particularly 
to methods of supplementing dialysate solutions for the prevention or 
10 treatment of iron deficiency in hemodialysis and peritoneal dialysis patients. 

BACKGROUND OF THE INVENTION 

Patients with chronic renal failure are treated by dialysis. 

1 5 Dialysis is required to maintain homeostasis in patients with end stage kidney 
failure. Dialysis is defined as the movement of solute and water through a 
semipermeable membrane which separates the patients blood from the 
dialysate solution. The semipermeable membrane can either be the peritoneal 
membrane in peritoneal dialysis patients or an artificial dialyzer membrane in 

20 hemodialysis patients. 

Patients with chronic renal failure suffer from anemia due to 
impaired production of erythropoietin [Erslev, 1991], Clinical manifestations 
of chronic renal failure improve as uremia and volume overload are corrected 
by dialysis. However, anemia due to lack of erythropoietin becomes a major 

25 limiting factor in the functional well being of end stage renal disease patients. 

Molecular cloning of the erythropoietin gene [Jacobs, et al M 
1985] led to commercial production of recombinant erythropoietin, which was 
a major advance in the treatment of renal anemia [Erslev, 1991; Levin, 1992]. 
Erythropoietin therapy functions by stimulating red cell production and 

30 thereby iron utilization. With the use of erythropoietin therapy, transfusions 
are avoided in most chronic dialysis patients. Blood tests and gastrointestinal 
bleeding further contribute to loss of iron. Therefore, accelerated iron 
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utilization coupled with small but unavoidable loss of extra corporeal blood 
with hemodialysis and increased gastrointestinal losses of iron lead to iron 
deficiency in almost all patients on long term maintenance dialysis. 

Other factors that may contribute to an iron deficient state are 
5 the restricted renal diet which may be deficient in iron, and iron absorption 
may be impaired by uremia per se. Co-administration of additional 
medications, such as phosphate binders with food, may also impair iron 
absorption. Therefore, iron deficiency has become a major problem in the 
dialysis patients treated with erythropoietin. 
10 In clinical practice transferrin saturation (ratio of serum iron to 

total iron binding capacity) and serum ferritin are used to assess the iron status. 
The majority of maintenance dialysis patients receiving erythropoietin therapy 
can be arbitrarily classified into six groups depending on their iron status 
(Table 1). 

15 In states of iron deficiency, iron supply to bone marrow is not 

maintained and the response to erythropoietin is impaired. Indeed, iron 
deficiency is the most common cause of erythropoietin resistance [Kleiner et 
aL, 1995]. Uremic patients suffering from absolute or functional iron 
deficiency require lower doses of erythropoietin if they receive effective iron 

20 supplementation. Based on these considerations, Van Wyck et al., [1989] have 
suggested that all renal patients with low to normal iron stores should 
prophylactically receive iron. Iron supplementation is accomplished most 
conveniently by the oral administration of iron one to three times a day. 



Table 1. Iron Status in End Stage Renal Disease. 



^rip^Irbn status 


Serum Fe/TIBC (TSAT) 


Serum Ferritin Qig/L) 


Severe iron deficiency 


< 15% 


<50 


Moderate iron deficiency 


15 - 17% 


50-100 


Mild iron deficiency 


18-25% 


100-200 


Optimal iron status 


25-50% 


200-800 


Iron overload 


>50% 


>800 


Reticuloendothelial block 


<20% 


>500 
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A problem exists because oral iron is often not tolerated due to 
gastrointestinal side effects. Practical problems such as noncompliance, 
5 impaired absorption when taken with meals, and other factors are further 
combined with the problem of tolerating oral iron. It is also ineffective due to 
impaired iron absorption. Macdougall et al.,[1989] also found a retarded 
response to recombinant human erythropoietin in hemodialysis patients on oral 
iron, which was corrected once iron was given intravenously. Schaefer and 

10 Schaefer [1995], have recently demonstrated that only intravenous but not oral 
iron, guarantees adequate marrow iron supply during the correction phase of 
recombinant erythropoietin therapy. 

In Europe, iron is available for intravenous administration as 
iron dextran, iron saccharate and iron gluconate. In the United States, only 

15 iron dextran is approved for intravenous use and is widely used for this 
purpose in dialysis patients. However, there are controversies with regard to 
the dosage and frequency of injection. 

On the one hand, intravenous iron therapy has several 
advantages over oral administration. Intravenous therapy overcomes both 

20 compliance problems and the low gastrointestinal tolerance often observed in 
patients on oral therapy. Schaefer and Schaefer [1992] reported a 47% 
reduction in erythropoietin dose when intravenous iron was given to iron 
deficient hemodialysis patients previously treated with oral iron. On the other 
hand, intravenous iron therapy does have risks and disadvantages. 

25 Anaphylactoid reactions have been reported in patients [Hamstra et al., 1980; 
Kumpf et al., 1990]. Therefore, a test dose must be administered when 
parenteral iron therapy is first prescribed. Intravenous iron therapy can also 
cause hypotension, and loin and epigastric pain during dialysis which may be 
severe enough to stop the treatment. Further, the intravenous drug is 

30 expensive and requires pharmacy and nursing time for administration. With 
intravenous iron therapy, serum iron, transferrin and ferritin levels have to be 



regularly monitored to estimate the need for iron and to measure a response to 
the therapy. Finally, there is also a concern about potential iron overload with 
intravenous therapy, since the risk of infection and possibly cancer are 
increased in patients with iron overload [Weinberg, 1984]. Recent evidence 
5 further suggests a 35% higher risk for cause-specific infectious deaths in US 
Medicare ESRD patients given intravenous iron frequently [Collins et aL, 
1997]. 

In view of the above, neither the oral nor intravenous iron 
therapy route is ideal and alternative routes of iron administration are desirable 

1 0 for dialysis patients. The hypotensive effects of intravenous iron dextran are 
completely abolished, irrespective of the total dose administered, by reducing 
the rate of infusion or by preliminary dilution of the iron dextran with isotonic 
saline [Cox et aL, 1965]. Addition of an iron compound to the hemodialysis or 
peritoneal dialysis solutions should lead to a slow transfer of iron into the 

15 blood compartment if the dialysis membrane is permeable to the iron salt. 
Colloidal iron compounds or iron in its mineral form are not soluble in 
aqueous solutions and therefore not suitable for addition to the dialysate. 
Furthermore, iron is known to be toxic when administered parenterally in its 
mineral form. The toxic effects may arise from precipitation of iron in the 

20 blood, producing multiple pulmonary and sometimes systemic emboli. 
Symptoms resembling that of fat embolism occur. Irritation of the 
gastrointestinal tract gives rise to diarrhea and vomiting. Also, depression of 
the central nervous system can lead to coma and death [Heath et al., 1982]. 

Very few noncolloidal iron compounds are suitable for 

25 intravenous administration. In the last five years, at least two groups of 
researchers have administered ferric gluconate sodium intravenously for the 
treatment of iron deficiency in chronic hemodialysis patients [Pascual et al., 
1992; Allegra et al., 1981]. In these and various other studies, solubility, 
bioavailability and toxicity of various ferric compounds were shown to be 

30 different. 
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Recent studies have shown that polyphosphate compounds are 
possible candidates for intracellular iron transport [Konopka et al., 1981; 
Pollack et al., 1985]. Among these polyphosphate compounds, pyrophosphate 
has been shown to be the most effective agent in triggering iron removal from 
5 transferrin [Pollack et al., 1977; Morgan, 1979; Carver et al., 1978]. 
Pyrophosphate has also been shown to enhance iron transfer from transferrin 
to ferritin [Konopka et al., 1980]. It also promotes iron exchange between 
transferrin molecules [Morgan, 1977]. It further facilitates delivery of iron to 
isolated rat liver mitochondria [Nilson et al., 1984]. 

10 Ferric pyrophosphate has been used for iron fortification of 

food and for oral treatment of iron deficiency anemia [Javaid et al., 1991]. 
Ferric pyrophosphate has also been used for supplying iron to eukaryotic and 
bacterial cells, grown in culture [Byrd et al., 1991]. Toxic effects of ferric 
pyrophosphate have been studied by Maurer and coworkers in an animal 

15 model [1990]. This study showed an LD 50 slightly higher than 325 mg of 
ferric pyrophosphate per kilogram or approximately 35 milligrams of iron per 
kilogram body weight. The effective dose for replacing iron losses in 
hemodialysis patients is estimated to be 0.2 to 0.3 milligrams iron per 
kilogram per dialysis session. Therefore, the safety factor (ratio of LD 50 to 

20 effective dose) is over 100. 

Another metal pyrophosphate complex, stannous 
pyrophosphate has been reported to cause hypocalcemia and immediate toxic 
effects. Since ferric ion forms a stronger complex to pyrophosphate than do 
stannous ion, or calcium ion, [Harken et al., 1981; Sillen et al., 1964], 

25 hypocalcemia is not a known side affect of ferric pyrophosphate 
administration. 

The U.S. Patent 4,756,838 to Veltman, issued July 12, 1988, 
discloses a dry, free flowing, stable readily soluble, noncaking, particulate 
soluble products which are readily soluble in water and are useful for 
30 preparing solutions for use in hemodialysis. The patent discloses the fact that 
currently used dialysis procedures do not ordinarily take into account those 
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materials in blood that are protein bound. Examples are iron, zinc, copper, and 
cobalt. The patent states that it is an object of the invention to make such 
materials as an integral part of dry dialysate products. However, no specific 
disclosure is made on how to make the iron available through the 
5 hemodialysis. No direction is given towards a noncolloidal iron compound as 
opposed to any other iron compound or mineral iron. 

In view of the above, it is desirable to administer iron to a large 
proportion of dialysis patients by adding a soluble, noncolloidal iron 
compound to dialysis solutions, in order to replace ongoing losses of iron or to 
10 treat iron deficiency. This soluble, noncolloidal iron compound is preferably 
ferric pyrophosphate. 

SUMMARY OF THE INVENTION 

15 In accordance with the present invention, there is provided a 

method of administering iron in dialysis patients by infusion of a noncolloidal 
fenic compound, soluble in dialysis solutions, by the process of dialysis. The 
present invention further provides a pharmaceutical composition consisting 
essentially of a dialysis solution including a soluble, noncolloidal ferric 

20 compound. Preferably, the ferric compound is ferric pyrophosphate. 

BRIEF DESCRIPTION OF THE FIGURES 

Other advantages of the present invention will be readily 
appreciated as the same becomes better understood by reference to the 
25 following detailed description when considered in connection with the 
accompanying drawings wherein: 

FIGURE 1 is a pair of graphs showing serum iron versus time 
and iron per TIBC (percent) versus time; 
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FIGURE 2 is a graph showing serum iron per total iron binding 
capacity (TIBC) (percent); 

FIGURE 3 is a graph showing the study design and 
concentration of iron in the dialysate over the study period; 
5 FIGURE 4 is a graph of group whole blood hemoglobin 

average over the study period; 

FIGURE 5 is a graph of the group reticulocyte hemoglobin 
average amount over the study period; 

FIGURE 6 is a graph of the group predialysis serum iron level 
1 0 average over the study period; 

FIGURE 7 is a graph of the group increment in average serum 
iron with dialysis over the study period; 

FIGURE 8 is a graph of the group predialysis total iron binding 
capacity average over the study period; 
1 5 FIGURE 9 is a graph of the group predialysis transferrin 

saturation (TSAT) average over the study period; 

FIGURE 10 is a graph of the group postdialysis transferrin 
saturation (TSAT) average over the study period; 

FIGURE 1 1 is a graph of the group average change in 
20 transferrin saturation (TSAT) during dialysis over the study period; 

FIGURE 12 is a graph of the group average percentage change 
in mean transferrin saturation (TSAT) with dialysis over the study period; 

FIGURE 13 is a graph of the group predialysis ferritin average 
over the study period; 
25 FIGURE 14 is a graph of the group erythropoietin dose per 

treatment average over the study period; 

FIGURE 15 is a graph of the group weekly dose of intravenous 
iron (Infed®) average over the study period; 

FIGURE 16 is a graph showing the serum iron in rabbits 
30 undergoing acute peritoneal dialysis with a dialysis solution that contains 
ferric pyrophosphate; 
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FIGURE 17 is a graph showing total iron binding capacity 
(TIBC) in rabbits during peritoneal dialysis; and 

FIGURE 18 is a graph showing the transferrin saturation 
(serum Fe/TIBC, %) in rabbits undergoing acute peritoneal dialysis with a 
5 dialysis solution that contains ferric pyrophosphate. 

DETAILED DESCRIPTION OF THE INVENTION 

In accordance with the present invention, a method is provided 
10 for the administration of a soluble, noncolloidal ferric compound to dialysis 
patients during the dialysis treatment. This administration can be utilized for 
patients on hemodialysis (acute or maintenance) or peritoneal dialysis (acute 
or maintenance). 

More specifically, as discussed above, dialysis patients are 
15 those patients undergoing hemodialysis or peritoneal dialysis for renal failure. 
Long-term dialysis therapy for treatment of end stage renal failure is referred 
to as maintenance dialysis. Patients on maintenance hemodialysis have been 
estimated to lose about 2 to 3 grams of iron per year, corresponding to 
approximately 6 ml per day (2 liters per year) blood loss from all sources 
20 [Eschbach et al., 1977]. These patients generally receive hemodialysis three 
times per week. 

A specific example of a hemodialysis system is the Fresenius 
system. In the Fresenius system , the ratio of acid:bicarbonate:water:total is 
1:1.23:32.77:35. Therefore, one part of the concentrated bicarbonate solution is 

25 mixed with 27.5 parts of the other (acid + water), to make the final dialysate. In 
order to make the bicarbonate concentrate, purified water is pumped from the 
purified water source into a large tank. Fresenius supplies sodium bicarbonate 
powder packaged in plastic bags and the contents of each bag are mixed with 
purified water in the tank, to make 25 gallons (94.6 liters) of bicarbonate 

30 solution. After thoroughly mixing with a stirrer, the concentrated solution is run 
into plastic receptacles. The concentrate is prepared within 24 hours of its use. 
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Ferric pyrophosphate is freely soluble in the bicarbonate concentrate. Ferric 
pyrophosphate may be added in a dry or solution form to the dialysis 
concentrate. For a dialysate iron concentration of 4 |xg/dl or FePyP 
concentration of 40 ng/dl, it can be calculated that bicarbonate concentrate 
5 should have a ferric pyrophosphate concentration of 40 x 27.5 = 1100 ng/dl, or 
1 1 mg/liter. Therefore, 1040 mg of ferric pyrophosphate added to 94.6 liter (25 
gallons) of bicarbonate concentrate will generate a dialysate with an iron 
concentration of 4 \xg/dl 

10 Table 2. Bicarbonate concentrates with a defined iron concentration 
achieved by addition of FePyP. 



20 



Required 


Estimated 


Estimated 


Cone, of Fe 


Cone, of FePyP 


Amount of FePyP 


in dialysate 


in dialysate 


in concentrate 


2ng/dl 


20 |ag/dl 


5.5 mg/L 


4^tg/dl 


40ng/dl 


11 mg/L 


8ng/dl 


80 ng/dl 


22 mg/L 


12 ng/dl 


120 ng/dl 


33 mg/L 



Dialysate Fe concentration can be increased by adding different amounts of FePyP 
to the bicarbonate concentrate (Table 2). Ferric pyrophosphate may be added to 
the dialysate concentrate either in its crystalline form or as an aqueous solution. 

25 As shown in Example 1 herein below, plasma (3.5 liters) was 

dialyzed in vitro using an F-80 dialyzer with the plasma flow rate set at 300 
ml/min. and the dialysate flow rate 800 ml/min. Ferric pyrophosphate (420 
mg) was added to 20 liters of bicarbonate concentrate and intermittently stirred 
for one hour prior to the dialysis. This was a clear solution with a light 

30 greenish yellow tinge. The final dialysate was a clear, colorless solution, with 

5 ng/dl iron content, as measured by a calorimetric assay. Physiological saline 

solution was added to the plasma every 15 minutes to compensate for obligate 

ultrafiltration, and to keep the plasma volume constant. Serum Fe and TIBC 

were measured at frequent intervals. There was a progressive increase in 
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serum iron concentration (A), and transferrin saturation (B), as shown in 
Figure 1. 

In a separate experiment, in vitro dialysis was performed using 
three different concentrations of ferric pyrophosphate in the dialysate. Under 
otherwise identical experimental conditions, the increment in transferrin 
saturation was dependent on the dialysate iron concentration (Figure 2). 

Dialysis is defined as the movement of solute and water 
through a semipermeable membrane (the dialyzer) which separates the 
patient's blood from a cleansing solution (the dialysate). Four transport 
processes may occur simultaneously during dialysis. 

1. Diffusive transport is the movement of solutes across the 
membrane, and is dependent on the concentration gradient between plasma 
water and dialysate; 

2. Convective transport is the bulk flow of solute through the 
dialyzer in the direction of hydrostatic, pressure difference; 

3. Osmosis is the passage of solvent (water) across the 
membrane in the direction of the osmotic concentration gradient; and 

4. Ultrafiltration is the movement of solute free water along the 
hydrostatic pressure gradient across the membrane. 

The patient's plasma tends to equilibrate with the dialysate 
solution over time. The composition of the dialysate permits one to remove, 
balance or even infuse solutes from and into the patient. The electrochemical 
concentration gradient is the driving force that allows the passive diffusion and 
equilibration between the dialysate and the patient's blood compartment. The 
process of dialysis can be accomplished by using an artificial kidney 
(hemodialysis and hemofiltration) or patient's abdomen (peritoneal dialysis). 

In an artificial kidney, a synthetic or semi-synthetic 
semipermeable membrane made of either cellulose acetate, cupraphane, 
polyacrilonitrile, polymethyl methacrylate, or f>olysuifone is used. A constant 
flow of blood on one side of the membrane and dialysate on the other allows 
removal of waste products. An artificial kidney can be used to perform 
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hemodialysis, during which diffusion is the major mechanism for solute 
removal. On the other hand hemofiltration (also called hemodiafiltration and 
diafiltration) relies on ultrafiltration and convective transport rather than 
diffusion to move solutes across a high porosity semipermeable membrane. 
5 For the purposes of this application, the term hemodialysis is used to include 
all dialysis techniques (e.g. hemofiltration) that require an extracorporeal 
blood circuit and an artificial membrane. 

On the other hand, peritoneal dialysis uses patient's peritoneal 
membrane to exchange solutes and fluid with the blood compartment. 

10 Therefore, peritoneal dialysis is the treatment of uremia by the application of 
kinetic transport of water-soluble metabolites by the force of diffusion and the 
transport of water by the force of osmosis across the peritoneum. The 
peritoneum is the largest serous membrane of the body (approximately 2 m 2 in 
an adult). It lines the inside of the abdominal wall (parietal peritoneum) and 

15 the viscera (visceral peritoneum). The space between the parietal and visceral 
portions of the membrane is called the "peritoneal cavity". Aqueous solutions 
infused into the cavity (dialysate) contact the blood vascular space through the 
capillary network in the peritoneal membrane. The solution infused into the 
peritoneal cavity tends to equilibrate with plasma water over time and it is 

20 removed at the end of one exchange after partial or complete equilibration. 
The composition of the dialysate permits to remove, balance or even infuse 
solutes from and into the patient. The electrochemical concentration gradient 
is the driving force that allows the passive diffusion and equilibration between 
the dialysate and blood compartment 

25 The dialysis solutions (hemodialysis or peritoneal dialysis) of 

the present invention are characterized by an added noncolloidal ferric 
compound, preferably having a molecular weight of less than 5000 daltons. 
Optimally, the ferric compound should be 1) soluble in dialysis solutions in 
adequate concentrations; 2) efficiently transfer from the dialysate to the blood 

30 compartment; 3) bind to transferrin in the plasma and be available for use by 
tissue; 4) be well tolerated without any short or long term side effects; and 5) 
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be economical. Ferric pyrophosphate seems to possess all the above 
characteristics and therefore is the preferred iron compound for use with the 
present invention, though other soluble ferric compounds may also be used. 

Ferric pyrophosphate (Fe 4 0 2l P 6 ) has a molecular weight of 
5 745.25. It is a nonahydrate with yellowish-green crystals. It has been used as 
a catalyst, in fireproofing synthetic fibers and in corrosion preventing 
pigments. 

Presently, hemodialysis machines utilize an automated 
proportioning system to mix salts in deionized water in specific proportions to 

10 generate the final dialysate solution. The dialysate concentrates are usually 
supplied by the manufacturer either as a solution ready to use or as a premixed 
powder that is added to purified water in large reservoirs. The concentrates 
are pumped into a chamber in the dialysis machine where they are mixed with 
purified water to make the final dialysate solution. 

15 Generally, the ionic composition of the final dialysate solution 

for hemodialysis is as follows: Na + 1 32-145 mmol/L, K + 0-4.0 mmol/L, CT 99- 
112 mmol/L, Ca~ 1.0 - 2.0 mmol/L, Mg +2 0.25-0.75 mmol/L, Glucose 0-5.5 
mmol/L. The correction of metabolic acidosis is one of the fundamental goals 
of dialysis. In dialysis, the process of H+ removal from the blood is mainly 

20 achieved by the flux of alkaline equivalents from the dialysate into the blood, 
thereby replacing physiological buffers normally utilized in the chemical 
process of buffering* In dialysis practice, base transfer across the dialysis 
membrane is achieved by using acetate or bicarbonate containing dialysate. In 
"Bicarbonate dialysis" the dialysate contains 27-35 mmol/L of bicarbonate and 

25 2.5-10 mmol/L of acetate. On the other hand, in "Acetate dialysis" the 
dialysate is devoid of bicarbonate and contains 31-45 mmol/L of acetate. 
Ferric pyrophosphate is compatible with both acetate and bicarbonate based 
hemodialysis solutions. 

The peritoneal dialysis fluid usually contains Na* 132-135 

30 mmol/L, K* 0-3 mmol/L, Ca~ 1 .25-1 .75 mmol/L, Mg~ 0.25-0.75 mmol/L, 
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CI" 95-107.5 mmol/L, acetate 35 mmol/L or lactate 35-40 mmol/L and glucose 
1.5-4.25 gm/dL. Ferric pyrophosphate is soluble and compatible with 
peritoneal dialysis solutions. 

In accordance with the present invention, ferric pyrophosphate 
5 is either added directly to peritoneal dialysis solutions, or to the concentrate 
for hemodialysis. In case of hemodialysis, since the concentrates are diluted 
several fold in the machine by admixture with water, the compound has to be 
added at a proportionally higher concentration in the concentrate. 

Preferably, 2 to 25^g of the ferric iron (as ferric pyrophosphate) 

10 per deciliters of the hemodialysis solution is used for hemodialysis. 
Accordingly, 4 to 50 milligrams of iron are infused into the patient during a 
two to five hour hemodialysis session. Currently, hemodialysis patients 
number 230-250,000 in the United States and about one million worldwide. 
The majority of these patients are require erythropoietin therapy to maintain 

15 hemoglobin in the target range of 10-12 gm/dL. Although, all patients on 
dialysis treated with erythropoietin are prescribed oral iron therapy, only 45% 
maintain transferrin saturation levels above 20 percent with oral iron therapy 
[Ifudu et al., 1996]. It has been documented that at least one-half of the 
hemodialysis population requires intravenous iron to maintain iron balance 

20 [Sepandj et al., 1996]. Even though dialysate iron therapy is potentially useful 
for all hemodialysis patients, those requiring intravenous iron are more likely 
to benefit. To evaluate whether dialysate iron therapy is more economical 
than the conventional therapies, a comparative cost analysis for one patient 
year of hemodialysis was performed. It is estimated that a maximum of 1 gram 

25 of ferric pyrophosphate may need to be added to 20 liters of bicarbonate 
concentrate which is utilized during a single dialysis procedure. A total of 156 
grams of ferric pyrophosphate will be added to the dialysate per patient year. 
The cost of FePyP is $25.00 per kg (Mallinckrodt Baker, Inc., Chesterfield, 
Missouri), and therefore, the annual cost of FePyP is estimated to be 

30 approximately $5,00 per patient year. It is evident that dialysate iron therapy 
is more economical than intravenous iron. 
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As shown in Example 2 herein below, the efficacy and safety of 
ferric pyrophosphate added to the dialysate is shown. Uremic patients on 
chronic hemodialysis, receiving regular maintenance intravenous iron were 
randomized into two groups. One cohort was selected to receive dialysate iron 
5 therapy, accomplished by adding soluble ferric pyrophosphate to the dialysate. 
The other cohort was continued on regular maintenance intravenous iron 
dextran. At baseline, there were no significant differences in the two groups as 
regards demographics, comorbid conditions (hypertension/diabetes), 
nutritional parameters (body weight, albumin, lipids), iron parameters, and 

10 requirements for erythropoietin or intravenous iron dextran. In this dose 
finding study, after six months of observation, the only significant difference 
between the two groups was a decline in intravenous iron requirement in the 
dialysate iron group (P=0.002). No adverse effects related to dialysate iron 
were identified. In conclusion, addition of iron to the dialysate as ferric 

15 pyrophosphate, is a safe and effective method of iron administration to 
hemodialysis patients. Dialysate iron therapy is able to maintain iron balance 
in the majority of hemodialysis patients without a need for oral or intravenous 
iron supplementation. In a minority of patients receiving dialysate iron 
therapy, the requirement for intravenous iron is significantly reduced but not 

20 completely eliminated. 

In view of the above, the present invention provides 
pharmaceutical composition of a soluble, noncolloidal ferric compound that 
can be added to dialysis solutions to meet the iron supplementation or 
therapeutic needs of dialysis patients. However, some dialysis patients may 

25 still need oral or intravenous iron supplements. 

The following Examples demonstrate the preparation and utility 
of the present invention. 
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EXAMPLE 1 



IN VITRO STUDIES ON THE SOLUBILITY OF 
FERRIC PYROPHOSPHATE IN DIALYSIS SOLUTIONS 

5 Ferric pyrophosphate (Fe 4 (P 2 0 7 ) 3 , M.W. 745.2, CAS 10058-44- 

3) (hereinafter FePyP) is a greenish yellow, crystalline compound that is 
known to have a solubility of 50 mg per ml. in warm water ( Catalog no. P 
6526; Sigma Chemical Co., St. Louis, Missouri). Initially, a small amount of 
FePyP crystals were added to the acid (pH, 2.49) and basic (pH, 7.81) 
10 concentrates and a bicarbonate dialysate (pH, 7.15). FePyP dissolved readily 
in the bicarbonate dialysate and the bicarbonate concentrate, forming a yellow- 
orange solution. However, there was incomplete dissolution in the acid 
concentrate, where a precipitate was clearly visible. Since the concentrated 
bicarbonate 

15 

Table 3. Concentration of iron in bicarbonate concentrate after 
the addition of ferric pyrophosphate 

Amount of FePyP added Expected iron cone. Measured cone, of Fe 

2 mg/ml 0.2 mg/ml or 20 mg/dl 20.250 mg/dl 

5 mg/ml 0.5 mg/ml or 50 mg/dl 40.660 mg/dl 

20 

10 mg/ml 1 .0 mg/ml or 100 mg/dl 94.500 mg/dl 

20 mg/ml 2.0 mg/ml or 200 mg/dl 206.500 mg/dl 
*note~ 10% of FePyP is Fe 

solution is diluted several fold in the formation of the final dialysate, the 

25 concentration of FePyP in the bicarbonate concentrate should be appropriately 

higher than the desired dialysate concentration. Therefore, solubility of FePyP 

in the bicarbonate concentrate was tested by adding variable amounts of FePyP 

and measuring the iron content of the mixture by a standard calorimetric method. 

The results are shown in Table 3. The measured and expected concentrations of 

30 iron were similar, showing that FePyP is highly soluble at the concentrations 
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tested. In dialysis practice, dialysate with a specific concentration of FePyP can 
be generated using a bicarbonate concentrate containing a proportionately higher 
concentration of FePyP. Similar experiments were performed using the acetate 
concentrate for hemodialysis and ferric pyrophosphate was found to be soluble 
5 and compatible with acetate based dialysis solutions. 

IN VITRO HEMODIALYSIS WITH DIALYSIS 
SOLUTIONS CONTAINING FERRIC PYROPHOSPHATE 

10 In a second set of experiments, an in vitro dialysis of plasma, 

utilizing a conventional hemodialysis set up was used to show that the addition 
of even small amounts of ferric pyrophosphate to a dialysate solution, results in 
significant transport of iron into the blood compartment during dialysis. This 
occurs because the transferred iron avidly binds to transferrin in the plasma. 

15 

A. Methods 

Plasma was obtained from a uremic patient undergoing plasma 
exchange therapy for Goodpastures syndrome. Citrated plasma was stored at -20 
°C in plastic bags. In three separate experiments, plasma was dialyzed against 

20 dialysates with different concentration of Fe, prepared by adding variable 
amounts of FePyP to the bicarbonate concentrate. Dialyzers with a polysulfone 
membrane (Fresenius, USA) were used. When the volume of plasma being 
dialyzed was less than 1000 ml, a small dialyzer (F-4, Fresenius) with small 
blood volume (65 ml) and surface area (0.8 sq. meter) was used at a plasma flow 

25 rate of 100 ml/min. With a larger volume of plasma, a F-80 dialyzer with a 
priming volume of 120 ml and a surface area of 1.8 sq. meter was used at a 
plasma flow rate of 300 ml/min. Heparin (500 units per hour) was infused to 
prevent clotting in the circuit. Serum was drawn at regular intervals during the 
experiment and serum iron (Fe), total iron binding capacity (TIBC) and 

30 transferrin saturation (Fe/TIBC x 100) were measured by a calorimetric assay. 
The obligate ultrafiltration of fluid during hemodialysis was compensated by a 
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continuous infusion of 0.9% saline. The iron parameters were corrected for net 
ultrafiltration by expressing the results as transferrin saturation. 

B. Results 

5 There was an increase in' serum iron and transferrin saturation 

with time when iron was added to the dialysate (Figures 1 and 2). The increment 
in serum Fe and transferrin saturation was more as the concentration of iron in 
the dialysate was increased (Figure 2). There was a near doubling of transferrin 
saturation after two hours of dialysis with a dialysate iron concentration of 8 

10 ng/dl (Figure 2). 

Experimental parameters were chosen to mimic conditions that 
prevail in actual dialysis practice. Therefore, 3.5 liters of plasma (approximating 
the plasma volume in a 70 kg. patient) was dialyzed against a dialysate with 
5jig/dl Fe concentration. The results are shown in Figure 1. 

15 The hourly increase in plasma iron concentration was 23, 23, 35 

and 45 M,g/dl, and the net increase in iron concentration was 140 |ig/dl over the 
course of the experiment. Therefore, 5 mg iron (or -50 mg FePyP) was infused 
into 3.5 liters of plasma, using a dialysate with 5 jag iron per dl. 

In conclusion, ferric pyrophosphate can be added to the 

20 bicarbonate concentrate, to attain iron concentrations of 2-50 jag/dl in the final 
dialysate to meet various levels of Fe deficiency in patients. Hemodialysis with 
iron containing dialysate does result in transfer of iron to the blood 
compartment. In these in vitro experiments, maximum iron transfer cannot be 
obtained since transferrin is confined to a closed system. In vivo, the release of 

25 iron to the erythron in the bone marrow and to the tissues by transferrin, 
increases the total amount of iron that can enter the blood compartment. Thus, 
dialysate iron therapy is a safe and effective route of iron delivery to 
hemodialysis patients. In view of the above experiments , it is clear that 
hemodialysis utilizing a hemodialysis solution containing iron compounds 

30 such as ferric pyrophosphate, can be used to increase the amount of 
bioavailable iron in a mammal. The data demonstrates that the ferric 
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pyrophosphate is soluble in hemodialysis solutions in adequate concentrations, 
efficiently transfers from the dialysate to the blood compartment, and binds to 
the transferrin in the plasma. This data combined with previous studies 
showing the safety of feme pyrophosphate, demonstrates the utility of the 
5 present invention as a means for providing bioavailable iron in a mammal, but 
more specifically in dialysis patients requiring oral or parenteral iron 
supplementation. 

EXAMPLE 2 

10 ADMINISTRATION OF IRON TO HEMODIALYSIS PATIENT BY 
DIALYSIS, USING DIALYSIS SOLUTIONS CONTAINING SOLUBLE 
IRON: A PHASE I/II CLINICAL STUDY 

A. Design of the Study 

15 To determine a safe and effective dose of dialysate iron, a 

cohort of chronic hemodialysis patients were dialyzed with ferric 
pyrophosphate containing dialysate, while contemporaneous controls received 
regular doses of intravenous iron, in an open label, phase I/II clinical trial. All 
subjects in the study were receiving maintenance hemodialysis for end stage 

20 kidney failure, and requiring erythropoietin and intravenous iron to maintain 
hemoglobin in the 10-12 gm/dl range. After obtaining an informed consent, 
patients were enrolled and oral iron was discontinued. All patients received 
maintenance intravenous iron (50-100 mg every 1-2 weeks) during a 4 week 
long pre-treatment phase. The last two weeks of this pre-treatment period 

25 were used to establish the "Baseline" serum iron and hematological 
parameters! In the Treatment Phase, ten patients were dialyzed with iron 
containing dialysate (Dialysate-Fe group) for a period of 4 months. The 
concentration of iron in the dialysate was 2^ig/dl during the first 4 weeks, and 
was progressively increased every 4 weeks to 4, 8, and 12 ng/dl. Since 

30 adverse reactions were not experienced even with the maximum concentration, 
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the trial utilizing 12 fxg/dl dialysate iron was extended by an additional 2.5 
months. Eleven control patients (IV-Fe Group) continued to receive 50-200 
mg iron intravenously every 1-2 weeks, for the entire study period of 6.5 
months. 

5 The doses of intravenous iron dextran were adjusted based on 

the serum ferritin and transferrin saturation. The initial doses were 50 mg 
elemental iron weekly. The doses were increased to 100 mg if transferrin 
saturation was less than 25% or serum ferritin was less than 200 |ig/L. The 
dose was reduced to 50 mg weekly when these parameters were exceeded. 

10 If serum transferrin saturation were to exceed 60% or serum 

ferritin were to exceed 1500 ng/dl, the administration of intravenous or 
dialysate iron was discontinued. On the other hand, if any patient 
demonstrated evidence of a severe iron deficiency (i.e. transferrin saturation 
<15% or serum ferritin <50 ng/L), the subject was treated for iron deficiency 

15 by intravenous administration of 100-200 mg iron with each dialysis session 
up to a total dose of 500-1000 mg at the discretion of the Inventor. Increased 
availability of iron to marrow cells may improve responsiveness to 
erythropoietin, thereby raising the hemoglobin and hematocrit. Hemoglobin 
and hematocrit were monitored every week, and in the event of improved 

20 erythropoiesis, the doses of erythropoietin were reduced by 10% every two 
weeks or as needed, to maintain a stable hemoglobin. 



B. Choice of the control group 

According to the National Kidney Foundation-Dialysis 

25 Outcomes Quality Initiative (NKF-DOQI) recommendations, most 

hemodialysis patients should be administered intravenous iron with every 

dialysis session or every 1-2 weeks (maintenance therapy). NKF-DOQI 

guidelines do not recommend continuation of oral iron supplements in chronic 

hemodialysis patients on maintenance intravenous iron. This was the basis 
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why the control group was maintained on regular doses of intravenous iron, 
while oral iron was discontinued. This being the standard of care, the subjects 
on maintenance intravenous iron (IV-Fe Group) served as the control against 
the experimental group receiving dialysate iron therapy (Dialysate-Fe Group). 

5 

C. Study population 

The study population was randomly selected from all patients 
undergoing maintenance hemodialysis at Clara Ford Dialysis unit. Patients 
who met the inclusion and exclusion criteria, as described below, were eligible 
10 for entry into the pre-treatment phase of the study only after the nature and 
purpose of the protocol had been explained to them and after they had 
voluntarily granted written informed consent to participate. 

1 . Inclusion Criteria Only patients meeting all of the following criteria were 
1 5 eligible for entry into the pre-treatment phase of the study: 

• Patients who have voluntarily signed an informed consent; 

• Patients aged 1 8 years or older; 

• Patients with end stage renal disease undergoing maintenance hemodialysis, 
who are expected to remain on hemodialysis and be able to complete the 

20 study. Because of the relatively brief study period patients on cadaveric 
transplant list are not excluded. 

• Patients, if female, must be either ammenorrheic for a minimum of one year, 
or using an effective birth control method; 

• Patients with a mild iron deficiency (transferrin saturation between 18 to 
25 25% and serum ferritin 100-200 ^ig/L), and therefore eligible for maintenance 

intravenous iron therapy in normal clinical practice. 
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2. Exclusion Criteria Patients exhibiting any of the following characteristics 
were excluded from entry into the study: 

• Patients with severe iron deficiency defined as a transferrin saturation <15% 
5 and/or serum ferritin < 50 \ig/L; 

• Patients who are able to maintain adequate iron stores (transferrin saturation 
>25% and serum ferritin >200 |ig/L) without parenteral iron therapy; 

• Patients with a history of clinically significant allergic reaction to iron; 

• Patients with malignancy or overt liver disease; 

1 0 • Patients with a history of drug or alcohol abuse within the last 6 months; 

• Patients considered to be incompetent to give an informed consent; 

• Patients who are anticipated to be unable to complete the entire study (e.g. 
concurrent disease); 

• Patients with hepatitis B, or HIV infection; 
1 5 •Patients who are pregnant or breast feeding; 

• Female patients who menstruate and are unwilling/unable to use a safe and 
effective birth control method to prevent pregnancy during the study period. 

A random number generator was used to generate a list of 24 
numbers. Odd and even numbers were assigned A or B designation 
20 respectively. A list of 23 patients was created based on the order in which 
consent was obtained for participation in the study. Patients were assigned to 
groups A or B based on their order in the list. Twenty-two patients entered the 
Treatment Phase. One patient in the dialysate iron group elected to withdraw 
from the study due to lack of interest on the first day of the treatment phase. 
25 The remaining twenty-one patients completed the study. 
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D, Dose Selection 



1 . Dose selection for Dialvsate-Fe Group 

The preliminary data obtained from in vitro testing of iron 
transfer across the membrane when FePyP is added to the dialysate was used 
5 to select doses in this trial (see Example 1). When a relative iron deficiency 
was suspected bolus doses of 100-200 mg iron were administered 
intravenously with each dialysis, over 1-5 consecutive dialysis sessions. 

2. Dose selection for IV-Fe Group 

10 Based on the NKF-DOQI guidelines, patients in IV-Fe group 

were prescribed maintenance amount of intravenous iron from 25 to 100 
mg/week. When a relative iron deficiency was suspected, bolus doses of 1 00- 
200 mg iron were administered intravenously with each dialysis, over 5-10 
consecutive dialysis sessions. 

15 E. Effectiveness and safety variables recorded 

1 . Effectiveness This variable was measured by 

• Monitoring the hemoglobin/hematocrit and iron parameters. 

• Monitoring the dose of intravenous iron and erythropoietin in the two 
groups. 

20 2. Safety Variables The following safety variables were measured and/or 
monitored frequently. 

• Frequent monitoring of vital signs to detect any cardiovascular toxicity, 
respiratory toxicity or hypersensitivity reactions. 

• Directed history and physical examination prior to any increment in the 
25 dialysate iron dose. 
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• Hemoglobin (for diagnosis of anemia) 



• Iron parameters (for detection of iron deficiency or toxicity) 

• Liver function tests (to detect hepatotoxicity) 

• Nutritional parameters such as weight, albumin, cholesterol and triglycerides 
5 were measured to detect malnutrition. 

• Serum electrolytes. 

• Serum calcium and inorganic phosphorus: to detect any potential 
hypocalcemia or hyperphosphaemia secondary to ferric pyrophosphate 
administration. 

10 

F. Criteria for Effectiveness of Dialvsate iron therapy 

Experimental therapy will be considered effective, if the patients receiving 
iron in the dialysate, when compared with patients receiving maintenance 
intravenous iron; 

15 • maintain hemoglobin level, without an increase in erythropoietin dose; and 

• maintain adequate iron stores and did not develop iron deficiency despite a 
reduced need for intravenous iron. The three important tests of iron deficiency 
that were monitored in the study were TSAT (transferrin saturation), 
reticulocyte hemoglobin (Retic Hgb, a measure of the prevailing iron 

20 availability to the bone marrow) and serum ferritin (a measure of the tissue 
stores). 

G. Concomitant therapy 

• Oral iron was discontinued in both groups. 
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• Patients in the dialysate-Fe group received supplemental doses of 
intravenous iron when clinically indicated. 

• Patients in both groups received blood transfusions when clinically 
indicated. 

5 

H. Statistical Methods and Analysis 

Except for plotting of individual patient variables over time, the 
iron study data has been summarized prior to analysis. Descriptive analysis 
was performed. Most of the analysis presented here, uses the data averaged 
1 0 over four or six/seven week intervals. A four week interval corresponds to the 
length of time each dose level was used during the dose escalation phase of the 
study. However, the final study interval used was six or seven weeks long, 
since the final data collection did not take place until twenty-six or twenty- 
seven weeks after the start of the intervention. (See Figures 4-21) 

1 5 The baseline period, labeled month 0, included data for the four 

weeks immediately prior to the start of the intervention. (There was some data 
available for some or all the fifth week prior to the intervention, but data from 
this week is omitted from the formal data analysis.) 

Weeks 1 to 4, when the dialysate dose of 2 ng/dl was 
20 employed, are labeled month 1, weeks 5 to 8 labeled month 2, weeks 9 to 12 
labeled 'month 3\ weeks 13 to 16 labeled month 4, weeks 17 to 20 labeled 
month 5, and weeks 21 to 26 (or 27) are labeled month 6. 

Treatment doses, serum ferritin and transferrin saturation were 
plotted over time for each patient in each group. The proportion of patients 
25 who achieved optimal iron status in each group were computed as well as the 
average time required for this. Average serum ferritin and transferrin 
saturation levels were computed for each group at each time point. 
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The differences in mean serum ferritin and transferrin 
saturation levels were computed along with their 95% confidence intervals at 
each time point. The proportions of patients showing side effects, either 
serious or minor were noted for each group at each time point. 

5 Baseline demographic and nutritional status variables were 

t . 

analyzed from separate data sets. The nutritional parameters: weight, albumin, 
cholesterol and triglycerides were entered only once for each study month. 

Data on instances of complications, medications and procedures 
was extracted from the Greenfield Health System database which contains 
routinely collected clinical information. For each variable the data was 
summarized as the count of days for a 4-week month, for which a 
complication, medication administration or procedure was performed. If 
multiple instances occurred on a single day, this was counted as only one 
occurrence. Due to the infrequency of many of these variables, this data was 
summarized for the baseline month(O), for all 6 study months(l-6), and for the 
final observation month(6). 

Data on pre- and post-hemodialysis weights and blood 
pressures, along with blood pressures recorded at times of complications 
during hemodialysis was extracted from the Greenfield Health System 
20 database which contains routinely collected clinical information. The blood 
pressures were summarized by extracting the minimum and maximum for a 
session, since instances of hypotension and/or hypertension would be of 
interest. 

I. Results of the study 

25 1. Demographics and baseline of individual patients and comparability of 
treatment groups 

Baseline characteristics of the 2 groups are shown in Table 4. 
None of the baseline differences were statistically significant. 
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Characteristics of 21 patients included in the final analysis 
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2. Hematological and Iron Parameters 



During the study, the dose of erythropoietin and intravenous 
iron were adjusted and prescribed by the investigators so that 
hemoglobin/hematocrit and iron parameters (transferrin saturation and ferritin) 
would stay in the target range. In either group, there was no significant change 
in hemoglobin or TSAT/ferritin when parameters at the month '6' were 
compared with the baseline (Figures 4, 9 and 13). Furthermore, when the 2 
groups were compared there was no significant differences in hemoglobin 
(Figure 4), pre-dialysis serum iron, (Figure 6), TSAT (Figure 9), or ferritin 
(Figure 13) at months 0-6. 

Testing for 'reticulocyte hemoglobin 1 (Retic-Hgb) was not 
available during months , 0-r, and consequently Retic-Hgb was measured only 
in months '2-6\ At month f 2 f , Retic-Hgb was 28.4 ± 0.9 pg in Dialysate-Fe 
group vs. 27.0 ± 1 .0 pg in IV-Fe group (p>0. 1 ). In both groups, Retic-Hgb did 
not change significantly during the course of the study (Figure 5). 

b. Erythropoietin dose 

The dose of erythropoietin did not change significantly during 
the study, in the 2 groups (Figure 14). Furthermore, there was no significant 
difference in the erythropoietin requirement between the two groups either at 
baseline or at any time during the study. 
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c. Dose of IV iron flnfed®! 

During the pretreatment period (month '0'), the average weekly 
dose of intravenous iron was 59.6 mg in the IV-Fe group and 68.7 mg in the 
Dialysate-Fe group (Figure 15). Despite no significant difference in 
5 hemoglobin, transferrin saturation, ferritin or erythropoietin dose between the 
2 groups, the requirement for intravenous iron was significantly reduced with 
dialysate iron (p^0.002 with 8-12 (ig/dl dialysate iron). 

The average weekly doses of intravenous iron were adjusted for 
baseline levels. In the Dialysate-Fe group, the average weekly dose of 

10 intravenous iron significantly declined from an average of 68.7 mg in month 
'0' to 8.9 mg in month '6 f (p<0.002). The average weekly dose of intravenous 
iron in IV-Fe group did not change significantly from 68.7 mg in the baseline 
period to 56.2 mg in the 6th month (p>0.7). Furthermore, in month '6', only 2 
out of the 10 patients receiving dialysate iron required additional intravenous 

1 5 iron supplements . 

3 . Transfer of iron from the dialysate to the blood compartment 

The decrease in intravenous iron requirement in the Dialysate- 
Fe group was accompanied by a dose dependent transfer of iron from dialysate 

20 to the blood compartment as reflected by the increment in serum iron with 
dialysis (Figure 7). With addition of iron to the dialysate there was a dose 
dependent increase in post-dialysis TSAT (mean ± SD) to 31.7 ± 6.8% on 2 
jig/dl, 37.0 ± 8.3% on 4 ^g/dl, 54.7 ± 9.9% on 8 ng/dl and 71.75 ± 13.4% on 
12 jig/dl (Figure 10). Hence the increment in TSAT and percentage change in 

25 TSAT during dialysis were dependent on the concentration of dialysate iron 
(Figures 1 1 and 12). 
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4. Total iron binding capacity 



The baseline total iron binding capacity (TIBC, mean ± S.D.) 
was 222.3 ± 43.8 ng/dl in Dialysate-Fe group and 192.7 ± 48.1 Mg/dl in IV-Fe 
group, and the difference between the two groups was not significant (p>0.14) 
5 (Figure 8). TIBC at 6 months, adjusted for the baseline values, was 
significantly higher in the Dialysate-Fe group (p<0.05). Circulating transferrin 
increases in the presence of iron deficiency. However, based on reticulocyte 
hemoglobin and serum iron parameters, there was no difference in the iron 
status between the two groups. Transferrin can be suppressed in patients with 
1 0 reticuloendothelial block and anemic of chronic disease. However, nutritional 
parameters, serum ferritin and reticulocyte hemoglobins in the two groups do 
not suggest that patients in the IV-Fe group were sicker or had a 
reticuloendothelial block in iron release. Therefore, the reason for a difference 
in TIBC between the two groups towards the end of the study remains unclear. 

15 5. Tissue stores of iron 

Serum ferritin is a marker for the tissue stores of iron. To 
ensure adequate supply of iron to the bone marrow, the recommended target 
range for serum ferritin in the dialysis patients receiving erythropoietin therapy 
is 100 - 500 |ig/L. The baseline serum ferritin was 154 ± 120 yig/L in 

20 Dialysate-Fe group and 261 ± 21 1 ng/L in the IV-Fe group (mean ± S.D.), and 
the difference between the 2 groups was not statistically significant (Figure 
13). There was no significant change in serum ferritin, in either group, during 
the course of the study. The serum ferritin level in month "6" was 154 ± 120 
Hg/L in Dialysate-Fe group and 261 ±211 fig/L in the IV-Fe group (mean ± 

25 S.D.), and the difference between the 2 groups was not statistically significant 
(Figure 13). These results demonstrate that infusion of iron with every 
dialysis session by the dialysate route does not lead to excessive tissue 
accumulation of iron or iron overload. 
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6. Safety Results 



No adverse effects secondary to the use of dialysate iron 
therapy were identified. Specifically, monitoring of vital signs, physical 
symptoms or signs and laboratory parameters did not reveal any evidence of 
pulmonary, cardiovascular or liver toxicity. None of the patients receiving 
dialysate iron manifested any allergic or anaphylactic reactions. Dialysate iron 
did not have any significant effect on serum calcium or phosphate 
concentrations. 

7. Summary and Conclusions 

In maintenance hemodialysis patients, over a period of 6 
months, dialysate iron therapy is: 

(a) safe and does not lead to hypotension or anaphylaxis; 

(b) maintains iron balance in approximately 80% of patients 
without supplemental oral or intravenous iron; 

(c) the requirements for intravenous iron may be reduced by 

about 80%; 

(d) maintains hemoglobin without an increase in erythropoietin 

requirement; 

(e) does not lead to iron overload. 

EXAMPLE 3 

PERITONEAL DIALYSIS WITH SOLUTIONS CONTAINING FERRIC 
PYROPHOSPHATE FOR IRON SUPPLEMENTATION IN RABBITS 

Peritoneal dialysis (PD) patients are less prone to iron 

deficiency than hemodialysis patients. However, PD patients lose blood 
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through the gastrointestinal tract and from phlebotomy for laboratory tests. 
Furthermore, iron utilization is increased in dialysis patients treated with 
erythropoietin. Consequently, iron deficiency is common in PD patients. Iron 
supplementation in PD patients is commonly accomplished by the oral route, 
5 since intravenous access is not as readily available in PD patients. In fact, 
peripheral intravenous access may be impossible to obtain in some patients 
when the veins have been thrombosed by venesection or cannulation. In this 
situation, intravenous iron infusion would necessitate cannulation of a central 
vein. Both oral and intravenous routes of iron deficiency are associated with 
10 numerous side effects. Therefore, addition of iron compounds to peritoneal 
dialysis solutions merits investigation as an alternative means of iron delivery 
because of the ease of administration. This method would also be expected to 
provide a slow continuous and more physiological replacement of ongoing 
iron losses. 

15 Intraperitoneal administration of iron has been tested in rats 

with disappointing results. Peritoneal dialysis with a dialysate solution 
containing 984 |ag/dl iron (as colloidal iron dextran) failed to increase the 
serum iron concentration after 6 hours (Suzuki, et a!., 1995). Higher 
concentrations of iron dextran, though successful in increasing serum iron 

20 concentration, are toxic to the peritoneum. iron dextran induces an 
inflammatory response leading to peritoneal adhesions and fibrosis, and a 
brownish pigmentation of the peritoneal membrane from deposition of iron 
aggregates (Park, et al, 1997). Therefore, colloidal iron dextran is not suitable 
for administration by the intraperitoneal route. Other colloidal iron 

25 compounds are likely to have a similar toxic effect on the peritoneum. A 
soluble iron salt, ferric chloride, had been tested previously by the same group 
(Suzuki, et al., 1994). In this study, despite a dialysate iron concentration of 
400 ng/dl (as ferric chloride), there was no change in the serum iron 
concentration after 6 hours of peritoneal dialysis (Suzuki, et al., 1994). 

30 Results of a Phase I/II trial of iron delivery by the dialysate 

route in maintenance hemodialysis patients suggest that this is safe, effective 
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and well tolerated. Therefore, addition of soluble ferric pyrophosphate to the 
peritoneal dialysis solutions was tested as a potential treatment for iron 
deficiency, in a rabbit model of acute peritoneal dialysis. 

5 A. Materials and Methods 

New Zealand white rabbits (n=10) on a standard rabbit diet 
containing 16|ig iron per kg and weighing 2.5-3.5 kg were obtained. Control 
rabbits (n=3) continued to receive the standard diet. Seven rabbits were 
switched to an iron deficient (20-25 parts per million elemental iron) diet to 
1 0 produce a state of iron deficiency (iron-deficient group). 

On day 1, blood was drawn from the central artery of the ear, 
using a 22g butterfly needle. Whole blood hemoglobin, serum iron and total 
iron binding capacity (TIBC) were estimated. A total of 10 ml blood was 
drawn from control rabbits and 20 ml from rabbits on iron deficient diet. 
15 More blood was drawn from rabbits on iron deficient diet, to exacerbate iron 
deficiency. On days 7 and 14, another 8-10 ml blood was drawn from all ten 
rabbits for hemoglobin and iron studies. 

Peritoneal dialysis was performed only in the Iron deficient 
group. The volume of peritoneal dialysate per exchange was about 210 ml (70 
20 ml/kg body weight) and the dialysis was performed only on days 14, 21, and 
28. 

B. Preparation of a Peritoneal dialysis solution 
containing ferric pyrophosphate 

25 

The dialysate was prepared by adding a sterile filtered ferric pyrophosphate 
solution to a 2 liter bag of peritoneal dialysis solution (4.25% Dianeal®). The 
iron concentration in the final dialysate was 500 |xg/dl. 

30 C. Procedures and Data Analysis 

Rabbits were sedated using a subcutaneous injection of 2 mg/kg 
acepromazine and 0.2 mg/kg butorphanol, and restrained on a board in a 

-31 - 



supine position. Blood was drawn for hemoglobin and iron studies. The skin 
over the abdominal wall was shaved, disinfected with betadine and 
anesthetized by instillation of 1% lidocaine. A 18g angiocath was advanced 
into the peritoneal cavity for infusion of dialysis solution. After 210 ml 
5 dialysate had been infused from a 2 liter bag, infusion was stopped, the 
angiocath was removed and the rabbit was returned to its cage. 

Blood samples were drawn for iron studies, 30 and 120 minutes 
after starting dialysis. After the 120 minute blood draw, the rabbit was sedated 
as described previously and restrained in a prone upright position. A 18g 

10 angiocath was reinserted into the peritoneal cavity and the dialysate was 
drained by gravity. After the dialysate had stopped draining, the angiocath 
was removed and the rabbit was. returned to its cage. 

Serum iron level was estimated by a calorimetric method, after 
separating iron from transferrin and then converting it into divalent iron. The 

15 total iron binding capacity (TIBC) was measured using the modified method 
of Goodwin. 

The serum iron levels and transferrin saturation were compared 
at 0, 30 and 120 minutes using the Wilcoxon signed rank test. A P value of 
less than 0.05 was considered statistically significant. The study protocol was 
20 approved by the Institutional Review Board for the care of animal rights. 

D. Results 

A significant decrease in baseline serum iron and transferrin 
saturation was observed in rabbits that were fed an iron deficient diet, 
25 compared with the control group (Figures 16 and 18). The hatched rectangles 
in Figures 16-1 8 represent mean ± 1 S.D values in the control group. 

Iron deficient rabbits were dialyzed with a dialysis solution 
containing ferric pyrophosphate. Peritoneal exchanges were performed on 
study days 14, 21 and 28. Similar results were seen in all experiments. 
30 Results of the experimental dialysis performed on day 21 are described below. 
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During the course of peritoneal dialysis, a significant increase 
in serum Fe and transferrin saturation was evident at 30 minutes (P<0.03). 
Consequently, the mean serum iron and transferrin saturation increased into 
the normal range, in this group of iron deficient rabbits within 30 min. of 
5 starting dialysis. Peritoneal dialysis was continued for a total period of 2 
hours. The significant increase in serum levels of iron and transferrin 
saturation was sustained for the duration of the experiment. 

On day 28, after the final dialysis had been completed, all the 
animals were euthanized and specimens of the visceral and parietal peritoneum 
10 were obtained for histologic examination. No macroscopic or microscopic 
changes were observed and no apparent iron deposition was detected by 
Prussian blue staining. Therefore, ferric pyrophosphate does not have any 
acute toxic effects on the peritoneal membrane. 

15 E. Summary 

The above is an example of (1) a novel formulation for iron 
supplementation in peritoneal dialysis; and (2) the first demonstration that 
addition of soluble iron salts to the peritoneal dialysate is a feasible method of 
iron delivery. 

20 

EXAMPLE 4 

ADMINISTRATION OF SOLUBLE IRON BY PARENTERAL ROUTES 

25 Dialysis involves diffuse transport of molecules across a 

semipermeable membrane. For a molecule that is present on both sides of the 
membrane, there is transport in both directions but the net transport occurs 
along the concentration gradient. Free plasma iron is highly toxic and 
therefore, almost all circulating iron is bound to proteins and plasma 

30 concentration of free iron is negligible. Consequently, during dialysis there is 
no transfer of iron from the blood to the dialysate compartment. In fact, when 
ferric pyrophosphate is added to the dialysate, there is a one way transfer of 
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iron to the blood compartment during dialysis. This resembles parenteral 
delivery by routes such as intravenous, intramuscular, subcutaneous, or 
transdermal. Therefore it is possible to administer ferric pyrophosphate 
parenterally by these routes, both in dialysis and non-dialysis patients. 

In the clinical trial of ferric pyrophosphate in hemodialysis 
patients, the average increment in serum iron concentration during a 3-4 hour 
dialysis session was about 140 ng/dl. Assuming a plasma volume of 3.5 liters, 
it can be estimated that the increment in circulating iron bound to transferrin 
was about 5.25 mg per dialysis session. The extravascular space contains 
about as much transferrin as the intravascular space, and there is a free 
exchange of iron in between the two pools of transferrin. Therefore, it can be 
estimated that a total of about 10.5 mg iron (or about 105 mg ferric 
pyrophosphate) was transferred to the patient during a dialysis session. This 
indicates that in dialysis or non-dialysis patients, it is possible to infuse a 
sterile solution of ferric pyrophosphate at a rate of about 40 mg per hour. 
Intermittent or continuous intravenous infusion may be administered if an 
intravenous access is available. In non-hemodialysis patients, intravenous 
access may be difficult, and it may be possible to deliver ferric pyrophosphate 
by subcutaneous implants, or by a transdermal delivery system. 

In summary, ferric pyrophosphate may be delivered by the 
dialysate route in hemodialysis (example 1 and 2), peritoneal route 
inperitoneal dialysis patients (example 3), or 

intravenous/subcutaneous/intramuscular/transdermEil routes in dialysis or non- 
dialysis patients (example 4). 

EXAMPLE 5 

REGULATION OF HEMATOLOGIC PARAMETERS IN 

DIALYSIS PATIENT BY MODIFICATION OF DIALYSIS SOLUTIONS 

The results of the clinical study in Example 2, demonstrate a 
novel method of hematologic manipulation during dialysis by modification of 
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dialysate solutions, as exemplified by the maintenance of hematological 
parameters in a narrow target range by regular delivery of iron by dialysis. 

The oral or intravenous methods of iron delivery are often 
unable to maintain optimal iron balance in dialysis patients. With continued 
5 loss of iron and increased iron consumption during erythropoietin therapy, iron 
deficiency develops. As hemoglobin/hematocrit declines, the dose of 
erythropoietin is often increased and iron administered intravenously, to 
maintain hemoglobin/hematocrit in the target range. Consequently, 
hemoglobin/hematocrit rise and this phenomenon has been termed "hematocrit 
1 0 or hemoglobin cycling". 

Administration of ferric pyrophosphate by the dialysate route 
during every dialysis session is able to maintain levels of iron, transferrin 
saturation (Figures 6 and 9) and hemoglobin (Figure 4) in a narrow target 
range. Therefore, dialysate delivery of ferric pyrophosphate abolishes 
1 5 hematocrit cycling (Figure 4), by maintaining an optimal iron delivery to the 
erythron (Figure 5). This is also the first example of hematological 
manipulation by modification of dialysate. 

The invention has been described in an illustrative manner, and 
it is to be understood that the terminology which has been used is intended to 
20 be in the nature of words of description rather than of limitation. 

Obviously, many modifications and variations of the present 
invention are possible in light of the above teachings. It is, therefore, to be 
understood that within the scope of the appended claims the invention may be 
practiced otherwise than as specifically described. 
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